Purpose: Approximately one half of the radiotherapy (RT) prescribed in the United States is delivered with palliative intent. The purpose of this study was to investigate the patterns of delivery of palliative RT across the United States. Results: Forty-one percent of the study population received palliative RT, including 53% of patients with lung cancer, followed by those with breast (42%), prostate (40%), and colorectal cancers (12%). Multivariate analysis revealed that older patients (P Ͻ .001) and those with higher Charlson comorbidity scores (P Ͻ .001) were less likely to receive palliative RT. Black patients with prostate cancer were 20% less likely (P Ͻ .001), and black patients with colorectal cancer were 28% less likely (P Ͻ .001), than white patients to receive palliative RT. Among those treated with RT, 23% of patients with lung cancer died within 2 weeks of completing treatment, followed by those with colorectal (12%), breast (11%), and prostate cancers (8%). In addition to tumor site, significant predictors (P Ͻ .05) of death within 2 weeks of receiving RT included increased age, increased comorbidity, and male sex.
INTRODUCTION
Across the United States, approximately one half of prescribed radiotherapy (RT) is delivered with palliative intent. 1, 2 Palliative RT has numerous indications, including the treatment of painful bone metastases, symptomatic brain metastases, and spinal cord or nerve root compression. Palliative RT can diminish pain, preserve or improve neurologic function, and dramatically improve quality of life in patients with metastatic cancer.
Despite the significant benefit that palliative RT offers, few studies have evaluated this modality at a population level. [3] [4] [5] [6] In addition, the benefit of palliative RT depends a great deal on timing. Patients who die shortly after receiving cancer therapy inherently stand to benefit less. Other studies have addressed chemotherapy use at the end of life, 7, 8 and this question deserves further evaluation with palliative RT.
Our study used the Surveillance, Epidemiology, and End Results (SEER) -Medicare linked database to explore palliative RT across the four most common cancers in the United States 9 : breast, prostate, lung, and colorectal cancers. Specifically, the objectives of this study were: one, to identify factors that contribute to inequality in palliative RT; and two, to define the time-course of palliative RT with a focus on defining the population receiving treatment immediately before death.
METHODS

Data
This study used the SEER-Medicare linked database. The SEER program consists of cancer registries that cover approximately 28% of the US population. Medicare provides federally funded health insurance for people age Ն 65 years. The SEERMedicare linked database contains Medicare claims data for the Medicare-eligible patients in the SEER database. This data set allows a unique opportunity to evaluate patterns of health care delivery on a population-based level. This study was deemed exempt from institutional review board approval.
Population
This study evaluated the four most commonly diagnosed cancers in the United States: breast, prostate, non-small-cell lung, and colorectal cancers. We identified 90,563 patients age Ն 66 years with an incident diagnosis of stage IV cancer between 2000 and 2007. Patients with multiple primary tumors were excluded (13%), as were patients who initially enrolled in Medicare because of end-stage renal disease or disability (0.3%). Finally, patients with incomplete Medicare claims data (continuous part A or part B, without part C enrollment) for 12 months before diagnosis (to calculate comorbidity) through death or last follow-up (December 2009) were excluded (34%), leaving 51,610 patients in the final study cohort.
Study End Points
The primary end point in this study was RT delivery in patients with metastatic disease, which was derived from SEER registry data and Medicare claims data. SEER collects information on RT within 1 year of diagnosis delivered as part of the initial course of treatment. 10 Medicare billing claims data allow the identification of RT delivered at any point in a patient's life. With Medicare, the following daily radiation treatment and weekly management Health Care Common Procedure Coding System codes were used to capture a course of RT: 77371 to 77373, 77417, 77419 to 77420, 77425, 77427, 77430 to 77432, 77435, 77401 to 77416, 77418, 77422 to 77423, 77470, 77499, 77520, 77522 to 77523, 77525, G0173 to G0174, G0243, G0251, and G0338 to G03340. Radioactive implants and radioisotopes, coded separately in SEER, were not counted as palliative RT. A course of radiation was defined as any group of codes within 14 days of one another. Because patients can receive multiple courses of radiation, we assumed that any break in radiation codes Ն 14 days indicated a separate and additional course of radiation. The duration of a course of radiation was defined as the time between the first and last billing claims for that course.
We assessed RT agreement between SEER registry data and Medicare claims data within the first year of diagnosis, when both SEER and Medicare capture RT data simultaneously. When the SEER database scored patients as having received radiation, Medicare agreed 91% of the time. Similarly, when Medicare scored patients as having received radiation within 1 year of diagnosis, SEER agreed 90% of the time. This level of agreement is similar to what other investigators have found. 11 
Covariates Studied
Patient-and tumor-related variables obtained from SEER data included age, race, marital status, disease site, registry location, socioeconomic status, and year of diagnosis (2000 to 2007). Race was defined from SEER using descriptions from the 2000 US Census and Bureau of Vital Statistics. 12 Individual SEER cancer registries were reclassified into East (Connecticut and New Jersey), Midwest (Detroit and Iowa), South (Atlanta, rural Georgia, Kentucky, and Louisiana), and West (San Francisco, Hawaii, New Mexico, Seattle, Utah, San Jose, Los Angeles, and greater California). Socioeconomic status was estimated by median household income divided into quintiles. Median household income was determined from the 2000 census using census track data over zip code data and secondarily using raceand age-adjusted data over unadjusted data. Patients without household income data (1%) were grouped into the bottom quintile. 13 Comorbidity was assessed during the 12 months before diagnosis using inpatient and outpatient Medicare claims 14 with the Deyo adaptation 15 of the Charlson comorbidity index. 16 The distance from the patient to the nearest radiation oncologist was estimated from the number of radiation oncologists per 1,000 square miles in the county where the patient resided. These data were determined from the Area Resource File, 17 which collects data that include the number of radiation oncologists per county in the year 2005.
Statistical Analysis
Continuous covariates were divided into categorical covariates to assess for nonlinear trends. Univariate predictors of palliative RT were determined with 2 tests. Multivariate predictors of palliative RT were determined with logistic regression using relevant covariates (Table 1) . Potential interactions between covariates were examined in the multivariate model, and among the covariates tested, we found a clinically and statistically significant interaction between tumor site and race. To account for this interaction, we stratified this multivariate model by tumor site.
Predictors of the duration of RT were determined with a multivariate linear regression model that included all covariates listed in Table 1 . Time from the end of palliative RT to death was assessed with the Kaplan-Meier method. 18 Among patients who received multiple courses of RT, the last course was used to assess time from the end of treatment to death. Multivariate predictors of death within 2 weeks of irradiation were determined with logistic regression. The end of palliative RT was defined as the date of the last Medicare radiation claim, and therefore, the analysis of the timing of palliative RT excluded a small fraction of patients with a record of palliative RT in SEER only, without Medicare irradiation billing claims (6% of patients receiving RT). No interactions between covariates were discovered in the multivariate analyses of RT duration, and predictors of death within 2 weeks of RT; therefore, unstratified models are presented with these analyses. All analyses were conducted with SAS version 9.3 (SAS Institute, Cary, NC).
RESULTS
Of the 51,610 patients identified within the SEER-Medicare database, 21,279 (41%) received palliative RT. Fifty-three percent of patients with lung cancer received palliative RT, followed by those with breast (42%), prostate (40%), and colorectal cancers (12%). Table 1 lists additional demographic data for our study population. The majority of patients (78%) received only a single course of palliative RT, whereas 17% received two courses, and 5% received Ն three separate courses. The median follow-up times from diagnosis to death were 4.0, 13, 29, and 6.6 months for lung, breast, prostate, and colorectal cancers, respectively. Table 1 lists the univariate predictors of palliative RT, and Table 2 lists the multivariate predictors of palliative RT. After adjusting for other covariates, black patients with prostate cancer were 20% less likely to receive palliative RT compared with white patients with prostate cancer (relative risk [RR], 0.80; 95% CI, 0.71 to 0.91; P Ͻ .001). In addition, black patients with colorectal cancer were 28% less likely to receive palliative RT compared with white patients with colorectal cancer (RR, 0.72; 95% CI, 0.60 to 0.87; P Ͻ .001). We saw no significant differences between black and white patients with breast (RR, 0.91; 95% CI, 0.79 to 1.03; P ϭ .13) or lung cancer (RR, 0.98; 95% CI, 0.94 to 1.01; P ϭ .16). Across all disease sites, multi-variate analysis revealed that older patients (P Ͻ .001) and those with high comorbidity scores (P Ͻ .001) were less likely to receive palliative RT. Among those with lung, breast, or prostate cancer, there were higher rates of palliative RT in higher socioeconomic classes and among people who were married. The use of palliative RT decreased slightly over time for lung cancer and remained relatively stable for breast, prostate, and colorectal cancers.
Predictors of Palliative RT
Among the group of black patients with prostate or colorectal cancer, we searched for potential subgroups who may have been more or less likely to receive palliative RT. We observed that black patients were more likely to be younger, unmarried, have lower income, more comorbidity, reside in the South or Midwest, and live in urban areas compared with white patients. However, tests for statistical interaction failed to identify a particular subgroup of black patients who were more or less likely to receive palliative RT compared with the already decreased rates of palliative RT among the entire group of black patients with prostate or colorectal cancer (P Ͼ .05 for interaction).
Duration and Timing of Palliative RT
The median duration of palliative RT for the entire study population was 16 days. Patients with lung cancer had the shortest treatment duration, followed by those with breast (average 4 days longer), colorectal (6 days longer), and prostate cancers (8 days longer; all P Ͻ .001). Older patients had slightly shorter radiation courses (average 1.3 days shorter for every 10 years older; P Ͻ .001). Finally, patients treated in the West had slightly longer radiation courses (1.2 days longer; P ϭ .002) compared with those in the Midwest. The duration of palliative RT did not vary by race, sex, comor- bidity, marital status, income level, year of diagnosis, or density of radiation oncologists. We next turned our attention to determining the timing of the delivery of palliative RT, focusing on the fraction of patients who received RT immediately preceding death. Survival after completing RT is shown in Appendix Figure A1 (online only), which highlights the observation that a significant proportion of patients received RT shortly before death. Specifically, 23% of patients with lung cancer died within 2 weeks of completing palliative RT, followed by those with colorectal (12%), breast (12%), and prostate cancers (8%).
Finally, we determined the patient characteristics of those who died within 2 weeks of receiving RT (Table 3) . Multivariate analysis revealed site-specific differences, with patients with lung cancer the most likely to die shortly after RT, followed by those with colorectal, breast, and prostate cancers. Treatment year was a significant predictor, suggesting that the number of patients treated shortly before death decreased over the study period. Other predictors of death included increased age, increased comorbidity, and male sex.
DISCUSSION
This study characterizes the delivery of palliative RT among the four most common causes of cancer diagnosed in the United States. 9 Although palliative RT can act as a powerful tool to alleviate symptoms associated with advanced cancer, this study identified areas of disparity and potential inefficiency with respect to delivery of RT at the end of life. Identifying these problems and further research into their underlying causes will improve access and effectiveness of this important treatment modality.
A key finding of our study relates to tumor site-dependent racial disparity, with black patients with prostate cancer 20% less likely to receive palliative RT and black patients with colorectal cancer 28% less likely to receive palliative RT compared with white patients. Many factors could explain these observed differences, and although underlying causes of racial inequality have not been identified in palliative RT, they have been addressed in other areas of health care. Unconscious physician racial bias against black patients affects clinical recommendations for cardiac catheterization 19 and treatment decisions in patients with acute coronary syndrome. 20 Also, poor patient- physician interaction contributes to the decision of black patients to reject the recommendation for the standard of care (surgery) in early-stage non-small-cell lung cancer. 21 Although this study found racial inequality with prostate and colorectal cancers, a natural question arises: Why was there no disparity in breast or lung cancer? This question is challenging to answer; however, understanding the difference could shed light on the underlying cause of racial disparity. Potential hypotheses include disease-specific biases or barriers somewhere from patient referral through radiation treatment, although race-based differences in tumor biology or disease trajectory should be explored as well. Unfortunately, the data used in this project lack the granularity required to answer several of these questions, and underlying causes of tumor site-specific racial disparity in the use of palliative RT remains unknown. Factors such as referring or treating physician biases, communication breakdowns, and race-based differences in tumor biology all warrant further study. In addition to racial inequality, our study found that income level and age correlated independently with palliative RT. The correlation between estimated income level, age, and palliative RT is not unique to this study. 3, 4 A SEER-Medicare study on non-small-cell lung cancer between 1991 and 1996 and a Canadian study evaluating the Ontario Cancer Registry between 1986 and 1995 both found that increased age and lower income level correlated inversely with the receipt of palliative RT. Of note, all participants in these studies had health insurance; however, one could hypothesize that lower socioeconomic status would affect a patient's ability to pay deductibles or copayments, which could affect his or her willingness to receive palliative RT. Although our study cannot address this hypothesis directly, increased copayments have been linked to a 15% decline in the use of emergency department services. 22 Another possibility would be that patients with a lower income level could have less access to transportation, which would limit their ability to get to and from a radiation oncology clinic. 23 Aside from inequality, this study found that a considerable number of patients died soon after receiving RT. Chemotherapy delivered within 2 weeks of death is considered a metric for decreased quality of care at the end of life 24 ; however, the same may not be true for palliative RT. Although chemotherapy can palliate, it is often delivered to induce a systemic response, decrease tumor burden, and prolong life. This stands in contrast with the principal goal of palliative RT: alleviating focal symptoms. Despite this, a German study found that among patients who died within 2 weeks of receiving palliative RT, only 26% had stable or improved symptoms. 25 Among patients receiving palliative RT in this study, 19% died within 2 weeks of completing treatment, and one of three died within 1 month. A separate recently reported SEER-Medicare study evaluating lung, breast, prostate, colorectal, and pancreatic cancers from 2000 to 2007 found that nearly one in five patients who received RT within the last 30 days of life spent Ͼ 10 days receiving radiation treatment. 6 Identifying and understanding the underlying causes of this complex subject poses a challenge, given that the timing of RT depends on multiple factors. Although earlier patient identification and referral to a radiation oncologist could help, this approach may not be feasible in all patients, given their relatively short overall survival. Physicians consistently overestimate survival in patients with cancer at the end of life, 26,27 and improved prognostic tools or biomarkers 28 could lead to enhanced patient selection. In addition, improvements in the delivery of radiation therapy, such as faster times from referral to treatment 29 or shorter courses of palliative RT, 6, 30, 31 would effectively lengthen the interval between RT and death. Further research is desperately needed to better understand this complicated issue.
This study has limitations that are worth mentioning. The administrative data in this study do not contain information on radiation target or dose. Therefore, this study included patients treated with RT for bone metastases, brain metastases, and symptomatic local disease, as well as RT for several other indications. This heterogeneity precludes more-detailed subset analyses, and our results could theoretically differ between patients treated with brain metastases, bone metastases, and other palliative RT targets. Another limitation relates to the fact that this study included patients age Ͼ 66 years with an incident diagnosis of metastatic cancer and did not include patients with localized malignancies who subsequently developed metastatic disease. Therefore, conclusions reached here may not be generalizable to younger patients or those with metastatic cancer initially presenting with local disease. Finally, this study can only infer palliative treatment intent, because neither SEER nor Medicare explicitly record intent. A large majority of patients with stage IV disease have incurable cancer; however, a small subset of patients with oligometastatic tumors could have potentially curable disease, and therefore, RT may be administered with curative intent in this subset. Although this could have potentially skewed our results, we estimate that the subset of patients treated with curative intent accounted for a small fraction of the study population and therefore should not jeopardize our conclusions.
Despite these limitations, this study demonstrates significant inequality in the delivery of palliative RT among the elderly, patients with comorbidity, and black patients with prostate and colorectal cancer. In addition, we show that a considerable proportion of patients die shortly after completing radiation treatment. Understanding these patterns of care and further research into the underlying causes will improve the effectiveness of palliative RT. 
